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In recent years carbon–carbon cross coupling reactions catalyzed by
palladium is themost important practical approach in organic synthesis
[1–4]. Cross coupling reaction of aryl halides with oleﬁns catalyzed by
palladium is known as Heck reaction. Nowadays, cross coupling reac-
tions become an essential synthetic tool for the preparation of pharma-
ceutically active ingredients, fragrances, agrochemicals, and various
advanced materials [5–7].
In the past, palladium complexes such as [Pd(OAc)2] and
[Pd(PPh3)2Cl2] have been employed as homogeneous catalysts in the
Heck reaction [8]. The separation, recovery and instability of the cata-
lysts at high temperature are the major drawbacks of these homoge-
neous catalysts; these drawbacks prohibit their industrial utilization
[9]. One of the most convenient approaches to overcome these
problems is to use heterogeneous catalysts [10]. Activity of palladium
catalyst can be enhanced by supporting palladium on several solid sup-
ports such as zinc ferrite [11], naﬁon–graphene [12], activated carbon
[13], polymer [14], graphene [15], and silica [16]. Recently, graphenefax: +91 22 3361 1020.
hendage),
s under CC BY-NC-ND license.has attracted remarkable consideration because of its unique thermal,
mechanical, and electrical properties [17]. Graphene exhibits high efﬁ-
ciency in many technological ﬁelds such as sensors [18], nanocompos-
ites [19], and batteries [20]. Moreover, it is an excellent support
material for metal nanoparticles used in fuel cell reactions [21]. High
speciﬁc surface area of graphene plays a vital role for deposition of
catalytically active metal nanoparticles.
Palladium nanoparticles have attracted huge attention of researchers
due to their high catalytic activity. These nanoparticles ﬁnd vast industrial
applications in heterogeneous catalytic reactions [22,23]. A synthesis of
metal nanoparticles on solid support by chemical reduction has various
drawbacks such as incorporation of toxic reducing reagent into metal
nanoparticles, and harsh reaction conditions. Electrochemical methods
have several advantages over chemical reduction method for example;
control the size of metal nanoparticles, room temperature operation,
easy recovery of deposited material, and short reaction time.
Earlier, we have reported electrochemical synthesis of reduced
graphene oxide and palladiumnanoparticles (ERGO-Pd) and its applica-
tions in Suzuki coupling reactions [24]. The ERGO-Pd composite showed
excellent catalytic activity, stability, and reusability for Suzuki coupling
reactions. To generalize the application and the evaluation of the cata-
lytic activity of the prepared ERGO-Pd composite was extended to
other carbon–carbon cross coupling reaction such as Heck coupling re-
action. Herein, we report for the ﬁrst time the applications of ERGO-Pd
Scheme 1. Heck coupling reactions catalyzed by Pd-ERGO.
Table 1
ERGO-Pd (0.3 mol%) catalyzed Heck reaction of various aryl halides with oleﬁnsa.
Entry Aryl halide Alkenes Product(s) Time (h) Yield (%)b
1 0.75 96
2 2.0 87
3 2.0 92
48 S.S. Shendage, J.M. Nagarkar / Colloids and Interface Science Communications 1 (2014) 47–49composite as heterogeneous, an environmentally benign and a recycla-
ble catalyst for Heck coupling reaction (Scheme 1).4 1.75 91
5 0.75 92
6 0.75 932. Material and methods
All chemicals were obtained from commercial sources and used as
received. Electrochemical co-deposition of reduced graphene oxide
and palladium nanoparticles (ERGO-Pd) was carried out by reported
method [24] (Supporting information).7 1.0 89
8 2.0 91
9 4.0 70
10 4.0 88
11 4.0 91
12 2.0 942.1. General procedure for Heck coupling reactions
Aryl halide (1.0 mmol), ethylacrylate or styrene (1.2 mmol), 1.5
mmol Et3N and 2 mg of ERGO-Pd catalyst were added in a 3 mL DMF
and the reaction was carried out in a sealed tube heated in oil bath at
120 °C for 0.75–4.5 h. The progress of the reaction was monitored by
Gas Chromatography (GC). The reaction mixture was cooled to room
temperature and the catalyst was separated by centrifugation. The cat-
alyst was then washed with ethanol, dried and preserved for next run.
The pure products were obtained by column chromatography using
hexane: ethyl acetate as the eluent. The preserved catalyst was reused
in a subsequent run for recyclability study. The conversion of reactant
was determined by Gas chromatography (GC). The products were char-
acterized by mass and 1HNMR.13 2.5 92
14 4.0 88
15 4.5 82
16 3.0 84
a Reaction condition: Aryl halide (1.0 mmol), oleﬁns (1.2 mmol), Et3N (1.5 mmol),
DMF (3 mL), 120 °C, catalyst ERGO-Pd (2 mg).
b Isolated yield.3. Result and discussion
The reaction conditions for Heck reactions were optimized with
respect to solvent and base. The excellent yields of products were
obtained in DMF as a solvent (Table 1, entries 1–4, Supporting informa-
tion). Among the different organic and inorganic bases, the complete
conversion of iodobenzene was observed in presence of Et3N as a base
(Table 1, entries 4–9, Supporting information).
Considering the above optimized reaction conditions for Heck reac-
tion, the aryl halides were coupled with various acrylate and styrene to
get substituted alkenes (Scheme 1 and Table 1, entries 1–16). The cross
coupling between aryl halide and styrene required longer reaction time
than acrylates. The results show that aryl halides with either electron
withdrawing or electron-donating substituents reactwith oleﬁns rapid-
ly forming the corresponding products with good to excellent yields
(Table 1, entries 3, 4, 6, 7 and 10–16). Aryl bromides are difﬁcult to be
activated because of the reasonably high bond energy of the C\Br
bond. As a result, the carbon–carbon coupling reactions of aryl bromides
with different oleﬁns required extended reaction times (Table 1, entries
2–4 and 9–11). ERGO-Pd shows relatively high catalytic activity in
Heck reactions. We attributed this to the high dispersion of Pd NPs on
ERGO support and absence of large Pd clusters (Fig. 4, Supporting
information).
We have also assessed recyclability of the catalyst (supporting infor-
mation). The prepared catalyst can be recycledup to theﬁfth cyclewith-
out much loss in activity. Advantages of the ERGO-Pd catalyst were that
the synthesis is very simple, it did not need complicated apparatus, the
catalytic reactions could be easily carried out by conventional method
(heating in a sealed tube), and the separation of this heterogeneous
catalyst could be achieved easily by centrifugation. The catalyst could
be almost fully recovered after the reaction.4. Conclusion
In conclusion, the catalyst (ERGO-Pd) exhibits excellent catalytic ac-
tivity for the carbon–carbon cross couplingHeck reaction. High stability,
easy removal from the reaction mixture and reusability of the catalyst
up to ﬁve consecutive cycles with minimal loss of activity are the
major advantages of the catalyst. Moreover, the catalyst ERGO-Pd was
prepared by greener route by electrochemical deposition (neutral
medium) method without using capping and stabilizing agents.Acknowledgments
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